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New findings (100 words in total between two questions) 
 
What is the research question? 
This study employed a novel experimental model in which culture media is conditioned with 
human serum ex vivo to investigate nutrient-mediated regulation of GLUT4 translocation in 
skeletal muscle cells in vitro.  
 
What is the main finding and importance? 
Human serum stimulated GLUT4 translocation, an effect differentially modulated by whether 
the culture media is conditioned with fasted serum, or serum collected after feeding of intact or 
hydrolysed whey protein. Conditioning cell culture media with human serum ex vivo represents 
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Aim: Individual amino acids (AA), AA mixtures and protein hydrolysates stimulate glucose 
uptake in multiple experimental models. To better replicate in vitro the dynamic postprandial 
response to feeding in vivo, the current study investigated the effects of culture media 
conditioned with fasted and postprandial human serum on GLUT4 translocation in L6-
GLUT4myc myotubes. Methods: Serum samples were collected from healthy male participants 
(n=8) at baseline (T0), 60 (T60) and 120 min (T120) after the ingestion of 0.33 g·kg BM-1 of 
intact (WPC) or hydrolysed (WPH) whey protein, and an isonitrogenous non-essential amino 
acid control (NEAA). L6-GLUT4myc myotubes were serum- and AA-starved for 1 h prior to 1 h 
incubation in media containing 1% postprandial human serum after which GLUT4 translocation 
was determined via colorimetric assay. Results: Media conditioned with fasted human serum at 
concentrations of 5-20% increases cell surface GLUT4myc abundance. Incubation with serum 
collected following the ingestion of WPH increased cell surface GLUT4myc at T60 relative to T0 
[mean (lower, upper 95% CI); 1.13 (1.05, 1.22)], whereas WPC [0.98 (0.90, 1.07)] or NEAA [1.02 
(0.94, 1.11)] did not. The differential increases in cell surface GLUT4myc abundance were not 
explained by differences in serum concentrations of total, essential, and branched chain amino 
acids, or insulin, GLP-1, and GIP. Conclusion: Using a novel ex vivo/in vitro approach, cell culture 
media conditioned with postprandial serum following the ingestion of a whey protein 
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Introduction 
Cell culture experiments often fail to adequately replicate the complex humoral milieu in 
vivo, resulting in a cell culture microenvironment that is far removed from physiological 
conditions. The use of "human plasma-like medium" (HPLM), for example, containing 
metabolites at concentrations comparable to human plasma in vivo, identified significant 
rewiring of cellular metabolism compared to traditional cell culture media (Cantor et al., 2017). 
Consequently, the combination of traditional tissue culture models with conditioned media that 
more closely replicates in vivo physiology may increase the translation of in vitro 
experimentation. 
In addition to transient hyperaminoacidemia, ingestion of dietary protein stimulates 
robust postprandial increases in insulin (Nuttall et al., 1985), glucagon (Calbet & MacLean, 
2002) and incretin (Calbet & Holst, 2004; Nilsson et al., 2004) secretion. In an attempt to better 
replicate and investigate the complex and dynamic multi-organ response to feeding on cellular 
metabolism in vitro, Carson et al. (2018) incubated C2C12 myotubes with ex vivo human serum 
either fasted or collected after the ingestion of whey protein. Myotubes incubated with fed 
serum had increased anabolic signaling compared to fasted serum, in addition to greater 
incorporation of puromycin, a proxy for muscle protein synthesis (MPS). These findings provide 
support for an ex vivo, in vitro model to investigate further the nutrient-mediated regulation of 
skeletal muscle metabolism, such as the identification of bioactive peptides that could stimulate 
glucose transport. 
Ingestion of whey protein increases the circulating concentration of branched chain 
amino acid (BCAA)-containing dipeptides in humans (Morifuji et al., 2010), some of which 
increase skeletal muscle glucose uptake both in vitro and ex vivo (Morifuji et al., 2009). 
Moreover, incubation of myotubes in vitro (Peyrollier et al., 2000; Doi et al., 2003), and skeletal 
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muscle ex vivo (Bernard et al., 2011) with individual amino acids (AAs) or AA mixtures increases 
glucose uptake. Importantly, cytochalasin B, an inhibitor of glucose transporter activity, ablates 
this effect (Ryder et al., 1999). Extending to the ex vivo, in vitro approach described by Carson et 
al. (2018), earlier studies have reported the addition of serum to cell culture media to stimulate 
glucose uptake in primary human (Al-Khalili et al., 2003), and rat-derived L6 myotubes (Sivitz & 
Pasley, 1995). However, characterisation of the effect of media conditioned with fasted serum 
represents an important first step prior to the broader investigation of effects of nutrient-
conditioned media on glucose transporter isoform 4 (GLUT4) translocation. Therefore, the aims 
of the current study were to 1) characterise the effects of media conditioned with fasted human 
serum on GLUT4 translocation in L6-GLUT4myc myotubes and 2) investigate whether media 
conditioned with human serum following the ingestion of protein sources with divergent AA 
profiles would differentially regulate GLUT4 translocation in skeletal muscle cells. 
 
Materials and Methods 
Ethical approval  
The study was approved by the local ethics committee at the University of Limerick 
(EHSREC_2013_01_13) and conformed to the standards set by the Declaration of Helsinki, except 
for registration in a database. Prior to commencement, all participants provided their informed 
consent and were free to leave the study at will. Eight healthy young males participants 
([mean±SD]; age, 24.6±4.8 y; body mass, 82.0±11.8 kg; height, 1.80±0.01 m; body mass index, 
25.8±3.2 kg·m-2; body fat, 19.7±6.1%) agreed to participate in the study, gave informed written 
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Experimental design 
Participants reported to the lab having fasted overnight (>10 h). A clinical nurse 
inserted a cannula in the antecubital vein and a blood sample was collected as baseline (t=0 
min) in S-Monovette® EDTA and S-Monovette® Serum gel tubes (Sarstedt, Wexford, Ireland). 
On three separate occasions, participants consumed one of three test drinks in a block 
randomised, double-blind crossover design. Participants consumed 0.33 g.kg-1 body mass of an 
intact (WPC) or hydrolysed (WPH) whey protein, or an isonitrogenous control (NEAA) in 400 
mL (7.6%, w/v)(Table 1). The NEAA condition was depleted of all EAA thus providing an 
isonitrogenous control, which, as reported below, we established to be a non-bioactive control 
for the GLUT4 translocation assay. Each trial was separated by seven days, and all participants 
replicated their habitual diet 48 h before each visit. Participants were asked to refrain from any 
strenuous physical activity during this period. Blood samples were collected at rest (baseline, 
T0) and 60 (T60) and 120 (T120) min after ingestion. Plasma was used to determine AA and 
hormonal responses, whereas serum was used for cell culture experiments. 
For characterization of effects of human serum on GLUT4 translocation measured by cell 
surface GLUT4myc abundance, L6-GLUT4myc cells were serum-starved prior to incubation with 
increasing concentrations of fasted human serum [1-20%] for 1 h. Blood was drawn from a 
superficial vein of the antecubital fossa. Samples were clotted at room temperature for 30 min, 
then centrifuged at 2000 g for 10 minutes at 22°C. Serum was separated and stored at -80°C 
prior to the treatment of myotubes in subsequent experiments. Immediately prior to these 
experiments, samples were thawed on ice before being added to pre-warmed AA-free media for 
the treatment of myotubes as described below. Individual serum samples collected at baseline 
from all participants following an overnight fast were pooled prior to these initial experiments. 
After establishing optimal screening conditions, changes in cell surface GLUT4myc abundance 
following incubation with media conditioned with postprandial serum was determined for all 
participant samples i.e. n=8 per time point for serum collected following the ingestion of each 
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experimental drink. Researchers were blinded during both the collection of samples and all 
subsequent in vitro screening experiments.  
 
Blood analyses  
Plasma glucose levels were analysed using a colorimetric glucose assay (STA-60; Cell 
Biolabs, Inc., San Diego, CA USA) following manufacturer’s instructions. Plasma levels of insulin, 
total GIP and total GLP-1 were determined using Milliplex MAP Human metabolic hormone 
magnetic bead panel kit (Merck Millipore, Cork, Ireland) following manufacturer’s instructions. 
Bead readings were performed on a MAGPIXTM Multiplex reader (Luminex Corporation, Austin, 
TX USA). Intra-assay and inter-assay % CVs were <5% and <11%, respectively. 
 Plasma amino acid (AA) profile was determined as previously described (Power-Grant 
et al., 2016) using the Agilent 1200 RP- UPLC system (Agilent Technologies, Santa Clara, CA 




Rat-derived L6-GLUT4myc skeletal muscle cells (a kind gift from Dr. Amira Klip, Hospital 
for Sick Children, Toronto, Canada) were first assessed for mycoplasma using a commercially 
available kit (ThermoFisher Scientific, Waltham, MA USA). After confirming cells were free of 
mycoplasma contamination, they were subsequently propagated in growth medium (αMEM 
supplemented with 10% FBS and 1% penicillin streptomycin (PeSt) (Invitrogen, UK)) until 
approximately 75-80% confluent. Once the desired confluence was reached, 24-well tissue 
culture plates (Merck Millipore, Cork, Ireland) were seeded [2 x 104 cells·well-1]. Cells were 
differentiated to multinuclear myotubes for 6-7 days in αMEM supplemented with 2% FBS and 
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1% PeSt (Invitrogen, UK) prior to experimentation. All experiments were conducted on cells ≤ 
passage 12. Cells were serum- and AA-starved in DMEM F12 media for 1 h prior to incubation 
with insulin or human serum as indicated in figure legends. 
 
Detection of cell surface GLUT4myc in skeletal muscle cells  
Colorimetric determination of cell surface GLUT4myc abundance was performed as 
outlined previously (Ishikura et al., 2010). The optical absorbance for each experimental 
condition was measured at 492 nm using a SpectraMax M3 microplate reader (Molecular 
Devices, San Jose, CA USA). Background absorbance was corrected by subtracting unlabeled 
control conditions from cells labeled with primary antibody directed toward the GLUT4myc 




Statistical analyses were performed using GraphPad Prism (v7.0b; GraphPad Software, 
Inc., San Diego, CA USA) and SPSS (v20; IBM Corp., Armonk, NY USA). All results are reported as 
mean±SD, except where stated for changes in cell surface GLUT4myc where data are reported as 
mean (lower 95% confidence interval of mean, higher 95% confidence interval of mean). 
Normality testing was performed in SPSS using the Shapiro-Wilks test, with skewed datasets log 
transformed to normalise distributions as indicated in respective figure legends prior to using 
parametric inferential statistics. One-way ANOVA or two-way repeated measures ANOVA 
(treatment x time) were utilized to assess statistical differences where appropriate, with an α 
level set at p≤0.05. Multiple comparisons testing was performed using either Bonferroni’s or 
Dunnett’s to detect significance where stated. In addition, standardized differences in the mean 
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for cell surface GLUT4myc at T60 were used to assess the magnitude of effect for each 
experimental condition relative to T0. These effect sizes were calculated using Cohen’s d, and 
interpreted using thresholds of 0.2, 0.5, and 0.8 for small, moderate, and large, respectively.  
 
Results 
Media conditioned with fasted human serum increases GLUT4 translocation in skeletal muscle cells 
Following 1 h serum starvation, insulin (p<0.001; F(5,12)=45.8) (Fig 1A) and fasted 
human serum (p<0.001; F(5,12)=45.1) (Fig 1B) elicited a dose-dependent increase in cell surface 
GLUT4myc abundance. Media conditioned with serum of ≥5% induced a similar magnitude of 
increase in cell surface GLUT4myc as insulin [1 M], which was used as a positive control, while 
serum at 1% failed to increase cell surface GLUT4myc abundance. Therefore, in an effort to 
maximize the presence of potentially bioactive peptides and postprandial factors present 
following feeding, but without approaching the concentration that saturated the GLUT4 
translocation response with fasted serum, a 1% concentration was selected for subsequent 
screening experiments of human serum following the ingestion of WPC, NEAA and WPH.  
 
Incubation of skeletal muscle cells with media conditioned with human serum following ingestion 
of hydrolysed whey, but not intact whey or an isonitrogenous control, increases GLUT4 
translocation in skeletal muscle cells 
There was a significant increase in EAA and BCAA for WPC and WPH versus NEAA at 
T60 (p<0.001) and T120 (p<0.001), respectively, in addition to an increase in TAA at T60 
(p<0.001). Moreover, BCAA concentrations were greater following the ingestion of WPC 
compared to WPH at T60 (p<0.01) (Fig 2A-C). There was a main effect for time on plasma 
glucose (p<0.001; F(2,14)=14.16) (Fig 2D) and GLP-1 (p<0.001; F(2,14)=51.18) (Fig 2F), 
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respectively, following the ingestion of each drink. Only the drinks containing EAA (WPC and 
WPH) increased GIP secretion (p<0.001; F(2,14)=56.5) (Fig 2G). Insulin increased over time (main 
effect, p<0.001; F(2,14)=22.0) and in response to each test drink (main effect, p<0.001; 
F(2,14)=20.3) with an interaction effect observed (p=0.050; F(4,28)=2.71).  
Following serum starvation, L6-GLUT4myc cells were treated for 1 h with serum 
collected at 0, 60 and 120 min after ingestion of each test drink. While there was a main effect 
for condition (p=0.017; F(2,21)=4.971), and a tendency for an interaction effect (p=0.065; 
F(4,42)=2.397), there was no effect of time (p=0.119; F(4,42)=2.236) (Fig 3A-D). There was a fold 
increase in cell surface GLUT4myc abundance of 1.13 (1.05, 1.22) (p=0.002; d=1.06, large) at 
T60 compared to T0 following the ingestion of WPH. Neither WPC [0.98 (0.90, 1.07)] (p=0.887) 
nor NEAA [1.02 (0.94, 1.11)] (p=0.808) modulated cell surface GLUT4myc abundance at T60 
compared to T0 (Fig 3A-D). There were no differences between T120 and T0 in any condition. 
 
Discussion 
The present study established that culture media conditioned with fasted human serum 
stimulates an increase in GLUT4 translocation in skeletal muscle cells. When extending this ex 
vivo-in vitro model to fed serum, media conditioned with serum collected after ingestion of a 
whey protein hydrolysate increased GLUT4 translocation, but this effect was absent in 
conditions of an intact whey protein and an isonitrogenous control depleted of EAA.  
While the bioactivity of serum on glucose uptake has been observed for decades in 
multiple cell types (Kletzien & Perdue, 1973; Bradley & Culp, 1974; Brodie & Sampson, 1991; 
Pasternak et al., 1991; Sivitz & Pasley, 1995; Al-Khalili et al., 2003; Berenguer et al., 2010), the 
underlying mechanism, particularly in response to acute stimulation (≤1 h) in myotubes, is 
poorly understood. Furthermore, technical limitations due to low glucose transporter protein 
abundance and functionality in certain skeletal muscle cell lines have precluded the direct 
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investigation of the bioactivity of human serum on GLUT4 translocation. Using the L6-
GLUT4myc cell line containing a functionally-intact GLUT4 protein, the current investigation 
provides direct evidence for a serum-stimulated increase in GLUT4 translocation. The low 
insulin concentration present in the serum samples (~0.3 - 5.2 pmol·L-1 for 1-20%, respectively) 
relative to those stimulating GLUT4 translocation in our insulin dose-response experiments 
suggests that serum mediates an increase in GLUT4 translocation independent of insulin. 
Changes in GLUT4 protein content were not assessed in the current study, but due to the 
acute nature of stimulation in our model, it is reasonable to assume increased translocation in 
response to serum is not mediated by changes in GLUT4 protein content. Cycloheximide, a 
potent inhibitor of protein synthesis, is an important regulator of glucose uptake in response to 
chronic, but not acute, incubation with serum (Kleitzien & Perdue, 1974). While sustained 
increases in cellular glucose uptake following prolonged exposure to serum requires de novo 
protein synthesis, the acute stimulatory effect of serum on glucose uptake (<1.5 h) are 
insensitive to cycloheximide (Kleitzien & Perdue, 1974). Therefore, stimulation of GLUT4 
translocation in response to serum is likely due to the modulation of either exo- or endocytotic 
machinery (Foley et al., 2011), but elucidation of the precise regulatory mechanisms will 
require further investigation. 
BCAA-containing dipeptides increase glucose uptake in L6 myotubes in vitro and 
isolated epitrochlearis muscles ex vivo (Morifuji et al., 2009). Importantly, this effect is ablated 
by cytochalasin B, which is inhibitor of GLUT4 protein-mediated glucose transport (Ryder et al., 
1999). Moreover, incubation of murine-derived skeletal muscle cell lines (Peyrollier et al., 
2000), primary human myotubes (Armstrong et al., 2001) or intact rat muscle preparations ex 
vivo (Bernard et al., 2011) with specific BCAA or AA mixtures can increase glucose uptake and 
glycogen synthesis independent of changes in canonical insulin signalling. Sprague-Dawley rats 
supplemented with a five AA mixture containing cysteine, methionine, valine, isoleucine and 
leucine, for example, had attenuated plasma glucose concentrations in response to an oral 
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glucose tolerance test (OGTT) independent of any change in insulin secretion (Bernard et al., 
2011). Attenuations in postprandial glycemia paralleled an increase in glucose disposal in both 
red and white gastrocnemius muscle, concomitant with the modulation of key upstream 
regulators of GLUT4 translocation, namely AKT substrate of 160 kDa (AS160). Furthermore, ex 
vivo incubation with the same AA mixture enhanced maximal insulin-stimulated glucose uptake 
and modulation of phospho-AS160 Tyr642 (Kleinert et al., 2011). Because the AA mixture and 
insulin resulted in an additive effect on glucose uptake, it is possible that they regulate 
independent signal transduction pathways or different pools of GLUT4 containing storage 
vesicles. Notably, however, when using a hindlimb perfusion model in rats, the same AA mixture 
in isolation failed to increase glucose uptake (Bernard et al., 2012). When insulin and the AA 
mixture were simultaneously infused, there was a potentiation of insulin-stimulated glucose 
uptake, coinciding with enhanced GLUT4 translocation and intracellular signal transduction. 
The potentiating effects of AA on insulin-stimulated glucose disposal may be due to changes in 
atypical protein kinase (aPKC) phosphorylation (Bernard et al., 2012). Taken together, dietary 
protein-derived peptides may regulate skeletal muscle glucose uptake through a GLUT4-
modulating mechanism both independent of, and complementary to, insulin secretion and 
canonical insulin signal transduction in skeletal muscle.  
Therefore, given the potential for the regulation of glucose transport by divergent AA 
profiles, we next sought to investigate whether human serum collected following the ingestion 
of different protein sources would differentially regulate GLUT4myc translocation. To this end, 
we compared serum collected after ingestion of intact whey protein, a whey protein 
hydrolysate, and an isonitrogenous NEAA control. As expected, there was an increase in TAA, 
EAA and BCAA following the ingestion of intact and hydrolysed whey proteins, which coincided 
with an increase in insulin and incretin secretion (Power et al., 2009). The increase in insulin 
secretion following the ingestion of each test drink coincided with a reduction in plasma glucose 
at T60 from T0, which returned to baseline concentrations at T120. Interestingly, the presence 
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of EAA is the main factor stimulating GIP, but not GLP-1 secretion, following ingestion of whey 
protein irrespective of protein form compared to an isonitrogenous NEAA control. Following 
the ingestion of the isonitrogenous NEAA control, the increase in TAA was attenuated compared 
with WPC and WPH conditions, primarily because concentrations of EAA and BCAA were 
unchanged. 
Culture media condition with human serum collected 1 h (T60) after ingestion of WPH 
increased cell surface GLUT4myc abundance by ~13% (large effect) compared to fasting serum 
(T0), while there was no change in GLUT4 abundance following incubation with serum collected 
at T120 compared to T0. Importantly, neither the WPC nor NEAA condition modulated cell 
surface GLUT4myc abundance. Consequently, the ingestion of a hydrolysed whey protein may 
have increased circulatory concentrations of dipeptides displaying bioactivity previously shown 
to enhance skeletal muscle glucose uptake in vitro and ex vivo (Morifuji et al., 2009; Morifuji et 
al., 2010). A failure to directly assess the composition of circulatory peptides, however, is a 
limitation of the current study. Interstitial concentrations of EAAs in response to a similar 
protein feeding protocol to the one used in this study [0.33 g protein kg−1] were ∼70% of the 
plasma concentration (McCormack et al 2017). Muscle cell viability and adherence, however, 
are negatively affected by high serum concentrations [50–100%] (Carson et al., 2018). As 
described, serum concentrations as low as 5% mediates a near maximal stimulation of GLUT4 
translocation, therefore, a lower serum concentration [1%] where sensitivity was maintained 
was selected for subsequent experimentation. Consequently, the low concentration of serum 
used may be a limitation of the current model. Lastly, while the current model provides a more 
physiologically-representative medium presented to cells in culture, it sacrifices resolution 
regarding the identification of a precise mechanism of action due to the complex postprandial 
response to feeding. Irrespective of the precise mechanism of action, postprandial human serum 
collected following the ingestion of a whey protein hydrolysate enhances GLUT4 translocation 
compared to fasted serum. Because GLUT4 translocation is an aggregate measure of all signal 
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transduction cascades mediating this response, it is reasonable to suggest that GLUT4 
translocation rather than signalling per se provides greater translational potential. The ex 
vivo/in vitro model described herein is not limited to the investigation of media conditioned 
with postprandial serum. The approach of investigating human serum ex vivo can be applied to 
determine the effects of exercise and/or other conditions including aging and inflammation, for 
example, thus allowing for specific isolation of intrinsic versus systemic-mediated molecular 
and metabolic adaptations regulating skeletal muscle cell metabolism. 
In conclusion, the present study demonstrates the potential utility of combining 
traditional cell culture methods with media conditioned with postprandial human serum 
following the ingestion of specific nutrients. Media conditioned with postprandial serum 
collected after the ingestion of a whey protein hydrolysate, but not intact whey protein or 
isonitrogenous NEAA controls, increases GLUT4 translocation in L6-GLUT4myc myotubes. 
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WPC NEAA WPH 
DH (%) - - 13.1 
Macronutrients    
Energy (kcal) 383 261 379 
Protein  77.7 65.2 77.0 
Fat 5.2 0.1 5.7 
Carbohydrate 3.7 0.0 4.7 
Amino acid profile    
Leucine 8.68 0.0 8.48 
Isoleucine 5.13 0.0 5.01 
Valine 4.81 0.0 4.77 
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Aspartic Acid 8.92 11.8 8.61 
Glutamic Acid 14.2 34.9 14.4 
Serine 4.28 13.0 4.07 
Glycine 1.51 3.8 1.55 
Histidine 1.47 0.0 1.35 
Arginine 2.04 0.0 1.95 
Threonine 5.94 0.0 5.71 
Alanine 4.20 9.7 4.19 
Proline 4.89 15.2 4.82 
Tyrosine 2.40 7.4 2.38 
Methionine 1.79 0.0 1.78 
Cystine 1.95 0.0 1.96 
Phenylalanine 2.60 0.0 2.61 
Lysine 7.72 0.0 7.48 
Tryptophan 1.54 0.0 1.52 
 
DH, degree of hydrolysis; NEAA, isonitrogenous non-essential amino acid control; WPC, whey 
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FIGURE LEGENDS 
Figure 1: Effects of insulin and fasted human serum on GLUT4 translocation in skeletal 
muscle cells. L6-GLUT4myc cells were serum and AA starved for 1 h prior to incubation with 
increasing doses of either insulin for 20 minutes (A), or fasted human serum for 1 h (B). One-
way ANOVA with Bonferroni’s multiple comparisons test; ***, p≤0.001 vs. UTC and 0.01 μM 
insulin; ‡‡‡, p≤0.001 vs. 0.1 μM insulin; §§§, p≤0.001 vs. UTC and 1% serum. Data presented as 
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Figure 2: Changes in amino acid and hormonal concentrations in response to ingesting 
intact or hydrolysed whey protein. Assessment of A) total B) essential and C) branched chain 
amino acids, in addition to D) glucose; E) insulin; F) GLP-1 and G) GIP collected 0, 60 and 120 
min after ingestion of 0.33 g·kg BM-1 of an intact (WPC) or hydrolysed (WPH) whey protein, and 
an isonitrogenous non-essential amino acid control (NEAA), respectively. Data present 
mean±SD (n=8 participants per time point). Two-way (treatment x time) repeated measure 
ANOVA with Bonferroni’s multiple comparisons test; ***p≤0.001 and **p≤0.01 w.r.t. WPC and 
WPH vs. NEAA; ## p≤0.01 w.r.t WPC vs. WPH. § main effect of time; † main effect of treatment; 
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Figure 3: Cell surface GLUT4-myc abundance in skeletal muscle cells in response to 
treatment with postprandial serum collected after the ingestion of intact or hydrolysed 
whey protein. (A) After 1 h serum starvation, L6-GLUT4myc myotubes were incubated for 1 h 
with serum [1%] collected at 0, 60 or 120 minutes following ingestion of 0.33 g· kg BM-1 of an 
intact (WPC) or hydrolysed (WPH) whey protein, and an isonitrogenous non-essential amino 
acid control (NEAA). B), C) and D) are results from individual screening experiments following 
ingestion of WPC, NEAA or WPH respectively (n=8 participants per time point for each test 
drink). Two-way (treatment x time) repeated measures ANOVA with Dunnett’s multiple 
comparisons test; **p<0.01 w.r.t. T60 vs. T0 for WPH. Data presented as mean±SD. † main effect 
of treatment (all p≤0.05) 
 
 
 
